Introduction {#S1}
============

The increased incidence of obesity in both developed and developing nations is a major public health problem.^[@R1]^ Obesity is believed to be causal in the development of insulin resistance and type-2 diabetes mellitus, conditions whose incidence is also rising at alarming rates.^[@R2],[@R3]^ In addition to being a major site of energy expenditure, skeletal muscle tissue is a major site of glucose disposal.^[@R4]^ Age- and obesity-related reductions in muscle fatty acid oxidation result in excess intramyocellular lipid, which impedes muscle insulin sensitivity.^[@R4]--[@R6]^ Sarcopenia, the age-related loss of skeletal muscle, exacerbates obesity-induced insulin resistance in elderly human subjects.^[@R7]^ Therefore, both the muscle and fat components of body composition play important roles in determining insulin sensitivity.

In addition to central mechanisms regulating energy expenditure and food intake, peripheral factors secreted by adipose tissue (adipokines) and skeletal muscle (myokines) regulate body composition and insulin sensitivity.^[@R8],[@R9]^ For example, tumor necrosis factor-alpha (TNF-α) is a pro-inflammatory cytokine produced by adipose tissue and skeletal muscle which can induce both insulin resistance and skeletal muscle wasting.^[@R8],[@R10],[@R11]^ Circulating TNF-α levels are increased in diabetic and sarcopenic individuals.^[@R8],[@R9],[@R12]^ Conversely, adiponectin is an insulin-sensitizing factor primarily produced by adipose tissue, but also expressed in skeletal muscle.^[@R8],[@R13]^ Adiponectin promotes glucose uptake and fatty acid oxidation in skeletal muscle.^[@R8],[@R13],[@R14]^ Adiponectin expression is inhibited by TNF-α,^[@R15]^ and circulating levels of the high molecular weight (HMW) form of adiponectin are negatively correlated with insulin resistance and adiposity.^[@R8],[@R14]^

Interleukin-15 (IL-15) is a cytokine that stimulates natural killer cytotoxic T-cells and other aspects of innate immunity.^[@R16],[@R17]^ IL-15 is highly expressed in skeletal muscle tissue,^[@R16],[@R17]^ and has been proposed to regulate both body composition and insulin sensitivity.^[@R18]--[@R25]^ In primary and immortalized murine skeletal myogenic cultures, IL-15 induces massive hypertrophy of immature skeletal muscle cells (myotubes) by modulating muscle protein synthesis and degradation rates.^[@R18],[@R26]^ Additionally, in cultured primary adipocytes and adipogenic cell lines, IL-15 stimulates lipolysis and inhibits adipocyte differentiation.^[@R21],[@R24],[@R27]^ One study showed that IL-15 dose-dependently stimulated adiponectin secretion from cultured 3T3-L1 adipocytes.^[@R24]^ These findings suggested that muscle-derived IL-15 might function as a myokine involved in regulation of body composition in vivo, by increasing muscle mass and decreasing fat mass, and suggested that IL-15 may modulate insulin sensitivity by stimulating adiponectin expression. In fibroblasts, IL-15 can inhibit TNF-α signaling;^[@R28],[@R29]^ if such a mechanism occurred in adipose tissue, IL-15 could thereby derepress adiponectin secretion.

A number of in vivo studies using both laboratory rodents and human subjects have confirmed the negative association of IL-15 with adiposity,^[@R19]--[@R22],[@R30],[@R31]^ and have also suggested relationships between IL-15 signaling and insulin sensitivity,^[@R25]^ and between IL-15 signaling and oxidative metabolism.^[@R32]^ IL-15 upregulation or administration decreases adipose tissue deposition in both wild-type and obese rodents, with no changes in food intake.^[@R19],[@R21],[@R22]^ While the in vitro and in vivo effects of IL-15 on adipose tissue are largely consistent, differences between the in vitro and in vivo effects of IL-15 on skeletal muscle are evident. In vivo studies concerning the effects of IL-15 on skeletal muscle mass have yielded conflicting results, including positive, negative, and no effects on muscle mass in different conditions.^[@R22],[@R33],[@R34]^

IL-15 signaling can be mediated either through a heterodimeric complex comprising the beta and gamma subunits of the interleukin-2 receptor (IL-2Rβ and IL-2Rγ), or through a heterotrimeric complex comprising the IL-15-specific IL-15 receptor-alpha (IL-15Rα) subunit plus IL-2Rβ and IL-2Rγ.^[@R17],[@R29]^ Because constitutive IL-15 overexpression in skeletal muscle does not induce muscle hypertrophy in vivo,^[@R22]^ it is possible that high levels or prolonged expression of IL-15 induces downregulation of one or more of the subunits comprising the IL-15 receptor complex in skeletal muscle tissue. Such a mechanism could be responsible for the variable effects of IL-15 on skeletal muscle mass in different experimental regimens.

The present study was undertaken to test three hypotheses: first, IL-15 inhibits diet-induced obesity (DIO) and insulin resistance; second, IL-15 increases circulating HMW adiponectin levels; and third, IL-15 regulates skeletal muscle oxidative metabolism in a manner not manifested by muscle hypertrophy. Implicit in the latter hypothesis is that high levels of IL-15 do not induce muscle IL-15 insensitivity by inducing IL-15 receptor downregulation. Our findings indicate that overexpression of IL-15 reduces total and intra-abdominal fat mass, increases insulin sensitivity, and modulates expression of genes which are involved in oxidative muscle metabolism. However, these effects were not accompanied by elevations in circulating levels of either total or HMW adiponectin, nor induction of skeletal muscle adiponectin mRNA expression. Rather, increased skeletal muscle oxidative capacity may contribute to resistance to DIO and increased insulin sensitivity in IL-15 Tg mice. Inasmuch as IL-15 plays a role in innate immunity, these physiological modulations may function as part of the conversion towards oxidative metabolism which takes place in response to physiological stress.^[@R35]^

Materials and methods {#S2}
=====================

Animal care {#S3}
-----------

Animal procedures were conducted with the approval of the VA Puget Sound Institutional Animal Care and Use Committee (IACUC), and complied with the ILAR Guide for the Care and Use of Laboratory Animals. Transgenic mice that overexpressed IL-15 from a skeletal muscle-specific promoter and, due to manipulation of the transgene signal sequence, exhibited high circulating levels of IL-15 (IL-15 Tg mice) were described previously.^[@R22]^ Mice for experiments were generated from a specific pathogen-free in-house colony by mating heterozygous IL-15 Tg males with commercially purchased C57BL/6J females (Jackson Laboratories, Bar Harbor, ME) to produce IL-15 Tg mice and closely related control mice on a C57BL/6 background. Mouse pups were genotyped as described previously.^[@R22]^ Mice were maintained on an irradiated medium fat/medium energy "breeder" diet (4.6 kcal/g) by kcal 23% protein, 22% fat, and 55% carbohydrate (PicoLab Mouse Diet 20, Purina Labdiets, St. Louis, MO) until placed on low-fat/low-calorie and high-fat/high-calorie diets (LFD and HFD, respectively) for experimental analyses (described below). For one set of analyses (histological assessment of muscle tissue), 12 week-old mice maintained on the breeder diet were utilized. In all conditions, food and water were provided ad libitum. Mice were maintained on a 12 hour light/12 hour dark cycle at 21 ± 3°C, and housed in groups of 2 or 3 in cages consisting of a mixture of control and IL-15 Tg males in each cage. Group housing was utilized to minimize stress as a variable, so assessment of food intake was not possible. Male mice only were used in this study.

For exposure to LFD and HFD, control and IL-15 Tg mice were weaned onto the breeder diet for 1 week, then maintained on the LFD for 3 weeks. At 7 weeks of age, half the cages consisting of a mixture of control and IL-15 Tg mice were switched to the HFD or maintained on the LFD for 20 more weeks. Assays were conducted at 26 to 28 weeks of age. The LFD (DIO Series Diet D12450B, Research Diets Inc., New Brunswick, NJ) consisted by kcal of 20% protein, 10% fat, and 70% carbohydrate (3.8 kcal/g). The HFD (DIO Series Diet D12492, Research Diets) consisted by kcal of 20% protein, 60% fat, and 20% carbohydrate (5.2 kcal/g). Blood samples for cytokine and hormone assays were obtained after 19 weeks of LFD or HFD feeding regimens in fasted (6 hours), isoflurane-anesthetized mice by sampling from the submandibular vein. Blood was not obtained at the commencement of the feeding regimens because insufficient volume was obtainable for cytokine assays due to the small size of the mice at that point.

Body composition {#S4}
----------------

Body composition was evaluated on conscious mice following 18 weeks of LFD or HFD feeding regimens by quantitative magnetic resonance (QMR) spectroscopy using an EchoMRI-100 mouse body composition analyzer (Echo Medical Systems, Houston, TX) and EchoMRI software. Lean body mass and total body fat mass were quantified based on the averages of triplicate measures for each animal, with a CV of \<2% for fat mass and \<4% for lean mass.^[@R36]^ Mice were too small (\<20 g at 7 weeks of age) for body composition analysis at the commencement of the feeding regimen.

Blood glucose determination and insulin tolerance tests (ITTs) {#S5}
--------------------------------------------------------------

Following the 20 week LFD or HFD feeding regimens, food was withdrawn in the morning 6 hours prior to blood glucose determination or ITTs to normalize baseline blood glucose levels.^[@R37]^ Baseline blood glucose levels in conscious mice were determined using a subset of mice subjected to the LFD and HFD feeding regimens, but subsequent ITTs were confounded in conscious mice due to handling stress from repeated blood sampling. Therefore, for ITTs in a separate set of mice, animals were anesthetized with pentobarbital (80 mg/kg, intraperitoneal \[IP\]) and body temperature was maintained using a water-based heating pad for 40 minutes to allow clearance of the acute effects of pentobarbital on hepatic glucose release.^[@R38]^ This anesthetic nevertheless results in elevated blood glucose levels.^[@R39]^ After 40 minutes, baseline blood glucose was determined by sampling from the tail tip, then human insulin was administered IP at 1 U/kg body weight. Blood glucose was determined at baseline and at 15, 30, 45, and 60 minutes after IP insulin using a research-grade AlphaTRAK glucometer (Abbott Animal Health, Abbott Park, IL). Mice underwent euthanatization by an overdose of pentobarbital without regaining consciousness. Following euthanatization, extensor digitorum longus (EDL) and soleus muscles, as well as the retroperitoneal fat pad, were carefully dissected and weighed. Muscles were then processed for mRNA analyses as described below.

Gene expression assays {#S6}
----------------------

Tissue samples were submerged in RNA[later]{.smallcaps} RNA Stabilization Reagent (Qiagen, Valencia, CA) and stored frozen at --20°C. RNA was isolated from the EDL and soleus muscles by homogenization in Trizol (Life Technologies, Grand Island, NY) followed by isopropanol precipitation. Resuspended RNA was treated with DNase and further purified using RNeasy spin columns (Qiagen). RNA (1.5 µg) was reverse transcribed into cDNA using an RT^2^ First Stand Kit (SABiosciences, Frederick, MD) which contains an additional genomic DNA removal buffer. Before use, the quality of reverse transcription reactions was assessed using a housekeeping gene, hypoxanthine phosphoribosyltransferase 1 (HPRT1). Real-time PCR was utilized to assess mRNA expression of various genes, using primers supplied by SABiosciences. Diluted RT reactions were combined with RT^2^ Real-Time SYBR Green/Fluorescein PCR Master Mix (SABiosciences) and distributed equally among wells of PCR plates. Plates were cycled as specified by SABiosciences for a BioRad iCycler (BioRad, Hercules, CA), with the threshold value for all plates in a comparison set to an identical level. Data were analyzed by the ΔΔC~T~ method in which the C~T~ for each sample was normalized to expression of HPRT1 (ΔC~T~); relative mRNA expression of each gene in each experimental group is presented as fold change compared with a baseline group within the same set of samples, generally control mice on LFD.

Assays of circulating cytokines and hormones {#S7}
--------------------------------------------

Blood was allowed to clot at RT for 45 minutes in separator tubes (Micro Tubes with Gel; Iris International, Westwood, MA), centrifuged at 14,000 rpm for 2 minutes. Serum was removed and stored frozen at −20°C in aliquots. Serum IL-15, IL-6, TNF-α, and interleukin-1β (IL-1β) levels were assessed using BioRad kits specific for mouse analytes in a BioPlex Protein Array instrument (BioRad). Sensitivity of the IL-15 assay was 6.6 pg/mL with intra-assay CV 6%; sensitivity of the IL-6 assay was 0.2 pg/mL with intra-assay CV 3%; sensitivity of the TNF-α assay was 1.4 pg/mL with intra-assay CV 3%; sensitivity of the IL-1β assay was 10.36 pg/mL with intra-assay CV 4%. Total and HMW adiponectin levels were determined using a mouse adiponectin total/HMW ELISA kit (ALPCO, Salem, NH) with sensitivity 0.032 ng/mL and intra-assay CV 2% to 4% for each form. Insulin was determined with a mouse insulin ELISA kit (ALPCO), with sensitivity 0.121 ng/mL and intra-assay CV 3.7%. Leptin levels were assessed with a Milliplex mouse adipocyte (leptin analyte) immunoassay (Millipore Corporation, Billerica, MA), with sensitivity 0.5 ng/mL and intra-assay CV 1.1% to 1.8%.

Muscle histochemistry {#S8}
---------------------

EDL (predominately fast/glycolytic) and soleus (predominately slow/oxidative) muscles from 12 week-old male control and IL-15 Tg mice maintained on the breeder diet were utilized for histochemical determination of succinic dehydrogenase (SDH) activity, a measure of mitochondrial content. Frozen sections (10 µm) were cut from the midbelly, processed for SDH activity as described previously,^[@R40]^ and post-fixed in 4% paraformaldehyde for 5 minutes. The numbers of SDH− (light) and SDH+ (dark) fibers in each muscle were quantified; staining intensity was not quantified. Mean fiber diameters were determined from alternate sections stained with hematoxylin and eosin.

Statistical procedures {#S9}
----------------------

Data represent 3 to 6 mice per group and are expressed as mean ± SEM. Statistical analyses were performed using SigmaStat 3.0 software (Systat Software Inc., San Jose, CA). For most parameters, the significance of main genotype × diet effects, and possible interactions of these factors, were analyzed by 2-way analysis of variance (ANOVA). Posthoc pairwise multiple comparisons were performed using Bonferroni *t*-tests. When considering time effects on weight and insulin sensitivity, repeated measure procedures were used. Percent SDH+ fibers was compared by *t* tests. Significant differences (*P* \< 0.05) are noted in the table and figures.

Results {#S10}
=======

Body composition in response to low- and high-fat feeding {#S11}
---------------------------------------------------------

No significant differences in initial body weight among groups were observed ([Table 1](#T1){ref-type="table"}). However, after high-fat feeding, control mice weighed significantly more than IL-15 Tg mice ([Table 1](#T1){ref-type="table"} and [Figure 1A](#F1){ref-type="fig"}). Compared with controls, total body fat was significantly lower in IL-15 Tg mice exposed to the HFD ([Figure 1B](#F1){ref-type="fig"}). The weight of the retroperitoneal fat pad, a measure of intra-abdominal fat mass, was significantly lower in IL-15 Tg mice after both low and high-fat feeding regimens ([Figure 1C](#F1){ref-type="fig"}). Exposure to the HFD significantly increased lean body mass in both control and IL-15 Tg mice; however, lean body mass did not differ between control and IL-15 Tg mice after either diet regimen ([Figure 1D](#F1){ref-type="fig"}). Although there was no effect of genotype on overall lean mass, a significant effect of genotype on mass of the predominately slow, oxidative soleus muscle was observed, with soleus muscles from IL-15 Tg mice slightly heavier than those of controls ([Figure 1E](#F1){ref-type="fig"}). No effect of genotype was observed for mass of the predominately fast EDL muscle; however, a significant effect of diet was observed ([Figure 1F](#F1){ref-type="fig"}).

Serum cytokines {#S12}
---------------

Serum leptin levels were significantly lower in IL-15 Tg mice compared with controls after exposure to both LFD and HFD ([Table 1](#T1){ref-type="table"}), reflecting the different levels of adiposity in the two genotypes. There was also a significant effect of diet on circulating leptin levels for both genotypes, and a significant diet × genotype interaction ([Table 1](#T1){ref-type="table"}). As expected,^[@R22]^ serum IL-15 levels in IL-15 Tg mice were significantly higher than those of controls ([Table 1](#T1){ref-type="table"}). However, there was no effect of diet on circulating IL-15 levels in either genotype ([Table 1](#T1){ref-type="table"}). Serum levels of three other cytokines involved in body composition and insulin sensitivity,^[@R8],[@R9]^ interleukin-6 (IL-6), TNF-α, and IL-1β, were also measured. TNF-α was undetectable in all serum samples, and no significant effect of either genotype or diet on serum IL-6 or IL-1β levels was observed ([Table 1](#T1){ref-type="table"}).

Insulin sensitivity and related parameters {#S13}
------------------------------------------

While high-fat feeding increased circulating insulin levels in both control and IL-15 Tg mice, there was no effect of genotype ([Figure 2A](#F2){ref-type="fig"}). Significant effects of both genotype and diet were observed for fasting blood glucose levels in conscious mice ([Figure 2B](#F2){ref-type="fig"}). IL-15 Tg mice were more sensitive to insulin than controls after both LFD and HFD feeding regimens ([Figure 2C and D](#F2){ref-type="fig"}). An effect of diet was not observed, possibly due to the use of pentobarbital anesthesia, which also elevated baseline blood glucose levels in the ITTs.^[@R39]^ However, while exposure to the HFD decreased circulating levels of both total and HMW adiponectin, no effect of genotype was detected for either form ([Figure 3A and B](#F3){ref-type="fig"}). Therefore, higher circulating adiponectin levels were not responsible for the increased insulin sensitivity exhibited by IL-15 Tg mice.

Skeletal muscle adiponectin mRNA expression has been reported to correlate with elevated intramyocellular lipid levels.^[@R13]^ While control mice upregulated adiponectin mRNA expression in response to the HFD in both the slow/oxidative soleus and fast/glycolytic EDL muscles, no such regulation was observed in these muscles in IL-15 Tg mice ([Figure 3C and D](#F3){ref-type="fig"}).

Markers of oxidative metabolism in soleus and EDL muscles {#S14}
---------------------------------------------------------

Markers of oxidative metabolism were examined at the mRNA level in the predominately slow soleus muscle and predominately fast EDL muscle following the diet regimens. These assays indicated significant upregulation of mRNA coding for the slow isoform of troponin I (TnnI 1) in IL-15 Tg soleus and EDL muscles compared with controls ([Figure 4A and B](#F4){ref-type="fig"}). The 10-fold difference in expression of TnnI 1 in the EDL was much greater than that of the soleus (1.5- to 2-fold); however, overall abundance of TnnI 1 in the soleus was about 300 times higher than in EDL (not shown). Significant downregulation of mRNA coding for the fast isoform of troponin I (TnnI 2) was also observed in IL-15 Tg soleus muscles ([Figure 4C](#F4){ref-type="fig"}), but not in the EDL (not shown). No effects of diet on these parameters were detected. These findings suggest that constitutive IL-15 overexpression induced a shift in muscle fiber gene expression towards a more oxidative muscle phenotype. However, in an additional study performed using mice maintained on medium-fat "breeder" diets, no differences in the percentage of SHD+ muscle fibers (a measure of mitochondrial density) in the EDL of control and IL-15 Tg mice were observed, and all fibers in the soleus muscle of both control and IL-15 Tg mice were SDH+ ([Figure 4D](#F4){ref-type="fig"}). Additionally, no significant differences in mean fiber diameter were observed between control and IL-15 Tg mice in either muscle (data not shown).

We also examined expression of several factors involved in mitochondrial biogenesis, oxidative metabolism, and muscle fiber-type determination, including peroxisome proliferator-activated receptors (PPAR α, δ, and γ),^[@R41]^ the mammalian sirtuin family members (SIRT1--7),^[@R35],[@R42]--[@R44]^ downstream effectors of sirtuin action (PPARγ coactivators; PGC-1α and -1β),^[@R44]--[@R46]^ and the mitochondrial uncoupling proteins (UCP1--3).^[@R47],[@R48]^ Soleus, but not EDL, muscles in IL-15 Tg mice exhibited a small, diet-dependent upregulation of SIRT1 mRNA ([Figure 5A](#F5){ref-type="fig"}), and diet-independent downregulation of SIRT3 and SIRT4 mRNA expression ([Figure 5B and C](#F5){ref-type="fig"}). Additionally, UCP2 was significantly upregulated in EDL (but not soleus) muscles of IL-15 Tg mice compared with controls in a diet-independent fashion ([Figure 5D](#F5){ref-type="fig"}). No effects of genotype on expression of the PPARs, PGCs, other sirtuins, or other UCPs were detected in soleus and EDL muscles (not shown).

Expression of IL-15 receptor subunits in skeletal muscle tissue {#S15}
---------------------------------------------------------------

Because we observed minimal differences in skeletal muscle mass between control and IL-15 Tg mice, we explored the possibility that IL-15 receptor subunits were downregulated in skeletal muscle tissue of IL-15 Tg mice. However, no effects of genotype or diet were observed for IL-15Rα mRNA expression by either the soleus or EDL muscle ([Figure 6A and B](#F6){ref-type="fig"}). IL-2Rγ expression was significantly higher in EDL muscles of IL-15 Tg mice compared with controls, but was similar in soleus muscles of control and IL-15 Tg mice ([Figure 6C and D](#F6){ref-type="fig"}). Additionally, expression of the relatively rare transcript for IL-2Rβ was greatly upregulated in both soleus and EDL muscles of IL-15 Tg mice compared with controls ([Figure 6E and F](#F6){ref-type="fig"}).

Discussion {#S16}
==========

This study confirmed previous findings indicating that overexpression of IL-15 in IL-15 Tg mice reduces fat mass and promotes resistance to DIO.^[@R22]^ We also showed that IL-15 reduced intra-abdominal fat mass and circulating leptin levels, increased insulin sensitivity, and induced a pattern of skeletal muscle gene expression consistent with an increase in oxidative metabolism. We found no evidence for IL-15 receptor downregulation in skeletal muscles of IL-15 Tg mice at the mRNA level.

Our observations are consistent with previous studies indicating that differences in body composition between control and IL-15 Tg mice are largely due to decreased deposition of white adipose tissue by the transgenic mice.^[@R22]^ In the present study, mice were group-housed in order to minimize stress as a variable; therefore, food intake could not be assessed. However, a very similar study utilizing single housing of control and IL-15 Tg mice revealed no differences in food intake between these genotypes on either LFD or HFD, while differences in body composition were similar to those observed in the present study.^[@R22]^ Other studies, using shorter-term administration of IL-15 via injection of recombinant protein or introduction of adenoviral IL-15 expression vectors, have likewise indicated that IL-15 administration reduces fat mass in both lean and obese rodent models.^[@R20]--[@R22],[@R31]^ Moreover, mice with a targeted deletion of IL-15 exhibited greatly increased fat mass.^[@R21]^ Food intake was assessed in each of these studies, and no effects of IL-15 deletion or addition on food intake were observed.^[@R20]--[@R22],[@R31]^ Taken together, these observations suggest that the action of IL-15 on body composition may involve modulations of energy metabolism rather than changes in energy intake.

We observed that high-fat feeding increased circulating insulin levels, but there was no effect of IL-15 overexpression on this parameter. However, other lines of evidence indicated that IL-15 overexpression increased insulin sensitivity in our mouse model. In conscious mice, blood glucose levels were significantly lower in IL-15 Tg mice than controls after exposure to both the LFD and HFD; a significant effect of diet on blood glucose was also observed. ITTs, performed under pentobarbital anesthesia, additionally indicated that IL-15 Tg mice were more insulin-sensitive than controls. However, no effect of diet on this parameter was observed, and baseline blood glucose levels under these conditions were elevated due to the use of anesthetic.^[@R39]^ This was an unavoidable technical problem with this procedure, as we found that ITTs performed with conscious mice were confounded by handling stress. The ITT test predominately reflects the stimulation of glucose uptake by skeletal muscle tissue.^[@R39]^ Previous studies by other groups have reported that a single IV dose of recombinant IL-15 increased glucose transport into rat skeletal muscles, and had the same effect on isolated muscle preparations and cultured C2C12 muscle cultures.^[@R23]^ These observations support our interpretation that IL-15 increases insulin sensitivity and glucose uptake by skeletal muscle tissue.

Our findings using transgenic mice correspond to observations on human subjects which link IL-15 with adiposity and insulin sensitivity. Circulating IL-15 levels correlate negatively with obesity and abdominal fat in humans.^[@R20],[@R21]^ Additionally, two studies have demonstrated correlations between single-nucleotide polymorphisms in human *IL15* and *IL15RA* (the genes which direct expression of IL-15 and the IL-15Rα, respectively) and adiposity and/or markers of the metabolic syndrome.^[@R25],[@R49]^ A recent genome-wide survey of human copy number variations that correlated with obesity revealed a large (2.1 Mb) deletion of a region including both *IL15* and *UCP1* was associated with moderate obesity.^[@R30]^

On the basis of experiments using cultured adipocytes, we hypothesized that the effects of IL-15 on adiposity and insulin sensitivity would be accompanied by elevations in circulating total and/or HMW adiponectin. However, while exposure to high-fat feeding significantly decreased levels of both forms of adiponectin in serum, there was no effect of genotype on these parameters. It is unclear how much skeletal muscle, as opposed to adipose tissue, contributes to circulating adiponectin levels.^[@R8],[@R14]^ Krause et al^[@R13]^ reported that skeletal muscle tissue upregulates adiponectin mRNA in response to high-fat feeding, and that expression of adiponectin mRNA in muscle is correlated with elevated intramyocellular lipid content. In our study, control, but not IL-15 Tg mice on the HFD exhibited significant upregulation of adiponectin mRNA in both soleus and EDL muscles, suggesting that IL-15 Tg mice may not accumulate as much intramuscular lipid as controls following high-fat feeding. Neither intramuscular lipid nor lipid oxidation were measured directly in this study. Almendro et al^[@R32]^ reported significantly reduced fat content in the mixed gastrocnemius muscle of rats that received daily injections of recombinant IL-15 for 1 week. Moreover, the same study reported IL-15 treatment decreased incorporation of radiolabeled lipid into adipose tissue, and increased fatty acid oxidation in isolated skeletal muscle preparations.^[@R32]^ Therefore, our findings and those of others suggest that IL-15 may increase lipid oxidation in skeletal muscle tissue.

In agreement with this interpretation, we observed differences in skeletal muscle gene expression patterns which were indicative of a shift towards increased oxidative capacity. Compared with controls, muscle tissue in IL-15 Tg mice exhibited shifts in expression of TnnI isoforms towards a more oxidative pattern. We additionally observed a diet-dependent modulation of muscle SIRT1 expression, decreased expression of SIRT3 and 4, and upregulation of UCP2. Both SIRT1 and UCP2 have been implicated in promotion of lipid oxidation,^[@R35],[@R48]^ while SIRT4 inhibits fatty acid oxidation.^[@R42]^ Therefore, the observed modulation of TnnI isoform, sirtuin, and UCP2 mRNA expression is consistent with an increase in skeletal muscle oxidative capacity in IL-15 Tg mice. SIRT1 can activate PGC-1α, which in turn co-activates PPARγ to stimulate fatty acid oxidation.^[@R43]^ PGC-1α can also induce UCP2 mRNA expression in cultured muscle cells in a PPARγ-independent manner.^[@R50]^ However, no effects of genotype on expression of the PPARs, PGCs, other sirtuins, or other UCPs were detected in soleus and EDL muscles (not shown). These observations do not preclude the possibility of alterations in activation of these molecules in IL-15 Tg mice, which were not detectable by analyses of mRNA expression. Our findings suggest that increased skeletal muscle oxidative capacity may contribute to resistance to DIO and increased insulin sensitivity in IL-15 Tg mice. This interpretation requires further investigation, particularly at the protein level. Examination of the contribution of other tissues involved in energy balance (liver, adipose tissue) is also warranted.

In contrast to our findings, one report found increased expression of PPARδ mRNA in skeletal muscle tissue of rats that were administered recombinant IL-15 for 1 week.^[@R32]^ Differences from our findings could be due to species differences, the muscle(s) chosen for analysis, or the chronic versus short-term nature of IL-15 administration. Likewise, SIRT1 can stimulate mitochrondrial biogenesis,^[@R42],[@R43]^ but we observed no change in the percentage of SDH+ fibers in IL-15 Tg muscles. However, as we did not measure SDH staining intensity nor perform direct assays of mitochondrial density, and whether IL-15 Tg mice exhibit increased skeletal muscle mitochondrial content could not be determined.

The effects of IL-15 on skeletal muscle mass remain unclear. In vitro, IL-15 overexpression causes skeletal muscle hypertrophy via stimulation of protein synthesis and inhibition of protein degradation.^[@R18]^ In this study and others using healthy, young rodents, no effect of IL-15 on overall lean body mass was observed.^[@R19],[@R22],[@R33],[@R51]^ However, the present study and others^[@R19],[@R33],[@R51]^ have shown small, but significant increases in soleus muscle mass in response to IL-15 administration, but no effect on mass of mixed or glyolytic muscles. These findings suggest that he effects of IL-15 on oxidative and glycolytic muscles may differ. In as much as oxidative muscle fibers are smaller, a shift from glycolytic to oxidative fiber types may mask relative hypertrophy of oxidative fibers and result in no apparent effects on overall muscle mass.^[@R52]^ We observed no differences between IL-15 Tg and control mice in mean muscle fiber diameters (not shown), but our analysis did not distinguish different types of muscle fibers. We explored the possibility that chronic overexpression of IL-15 caused muscle tissue to downregulate expression of one or more subunits of the IL-15 receptor. However, at the mRNA level we observed no changes in expression of the IL-15-specific subunit, IL-15Rα, moderate upregulation of IL-2Rγ, and large increases in expression of the relatively rare IL-2Rβ transcript. The significance of the upregulation of these specific IL-15 receptor mRNA species is unclear, but in general these data do not support the idea that constitutive IL-15 overexpression induces downregulation of IL-15 receptor subunits, which could result in a paradoxical muscle insensitivity to IL-15. Additionally, differences in expression of IL-15 receptor subunit mRNA between the soleus and EDL were not observed.

Reports on the effects of IL-15 on muscles which are wasting or degenerating are also conflicting. IL-15 preserves muscle mass and inhibits muscle nuclear apoptosis in rodent models of cancer cachexia^[@R33],[@R51]^ and increases muscle fiber diameter and strength in muscular dystrophic mice.^[@R53]^ Increased IL-15 expression correlates with preservation of muscle mass and decreases in markers of apoptosis in aging calorie-restricted rats.^[@R54]^ However, another study indicated that administration of human recombinant IL-15 to rats decreased muscle mass and stimulated muscle nuclear apoptosis, particularly in aged rats.^[@R34]^ The basis for the differences among these studies is unclear, but may correlate with differences in energy availability in the various models. Our study implicated modulation of SIRT1 expression and oxidative skeletal muscle metabolism in IL-15 action. SIRT1 activation is involved in numerous biological processes, including prolongation of lifespan via calorie restriction, inhibition of apoptosis, protection from insulin resistance, and mediation of a switch from glyclolytic to oxidative muscle metabolism in low-energy conditions.^[@R55]^ However, SIRT1 also inhibits muscle differentiation and myofibrillar protein expression.^[@R56],[@R57]^ Therefore, if stimulation of SIRT1 activity is part of the mechanism of IL-15 action, the modulation of SIRT1 activity in different metabolic conditions and its negative effect on myogenesis could explain the variable effects of IL-15 in different in vitro and in vivo models.

In summary, our findings suggest that IL-15 regulates oxidative skeletal muscle metabolism, which in turn could modulate body composition and insulin sensitivity. Inasmuch as IL-15 plays a role in innate immunity, IL-15-induced physiological modulations may function as part of the conversion to oxidative metabolism which takes place in response to physiological stress.^[@R35],[@R44],[@R56]^ Further work is necessary in order to define the biochemical mechanism of IL-15 action, and to examine the relative contributions of skeletal muscle and other metabolic tissues to IL-15-induced changes in body composition. Nevertheless, correlative reports on IL-15 in human subjects^[@R20],[@R21],[@R25],[@R30],[@R49]^ suggest that our findings are applicable to human medical applications. Therefore, modulation of IL-15 signaling may have therapeutic potential to modulate body composition and insulin sensitivity.
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![Body weight changes and final body composition of control (CON) and IL-15 Tg (TG) mice following 20 weeks of low-fat diet (LFD) or high-fat diet (HFD) regimens. **A**) Body weight changes over 21 weeks of diet regimens, starting 1 week before diet change. **B**) Total body fat (g). **C**) Retroperitoneal fat pad mass (mg), a measure of intra-abdominal fat. **D**) Lean body mass (g). **E**) Soleus muscle mass (mg). **F**) Extensor digitorum longus (EDL) mass (mg). Symbols and bars represent mean ± SEM. Significance of main genotype × diet effects was determined by repeat measure ANOVA (A) or 2-way ANOVA (B--F); interactions are noted only when significant (*P* \< 0.05). In B--F, bars with different superscripts are significantly different (*P* \< 0.05) by post-hoc analyses.](nihms798377f1){#F1}

![Insulin sensitivity and related parameters in control (CON) and IL-15 Tg (TG) mice following 19 to 20 weeks of low-fat diet (LFD) or high-fat diet (HFD) regimens. **A**) Fasting insulin (ng/mL serum) at 19 weeks. **B**) Fasting blood glucose (mg/dl) in conscious mice at 20 weeks. **C**) Insulin tolerance tests at 20 weeks in pentobarbital-anesthetized mice. Mice received IP insulin at 1 U/kg body weight and blood glucose was determined at 15 min intervals. Data points represent means of 4 mice per group ± SEM. Data were analyzed by 2-way repeat measure ANOVA. **D**) Insulin tolerance area under the curve (AUC) determined from blood glucose data shown in panel C. For panels A, B, and D, bars represent mean ± SEM. Significance of main genotype × diet effects was determined by 2-way ANOVA; no significant interactions were observed. Bars with different superscripts are significantly different (*P* \< 0.05) by post-hoc analyses.](nihms798377f2){#F2}

![Circulating adiponectin levels (19 weeks) and muscle adiponectin mRNA expression (20 weeks) following low-fat diet (LFD) or high-fat diet (HFD) regimens in control (CON) and IL-15 Tg (TG) mice. **A**) Serum total adiponectin (µg/mL). **B**) Serum high-molecular-weight (HMW) adiponectin (µg/mL). **C**) Soleus muscle adiponectin mRNA expression (fold difference relative to LFD CON value). **D**) Extensor digitorum longus (EDL) muscle adiponectin mRNA expression (fold difference relative to LFD CON value). Bars represent mean ± SEM. Significance of main genotype × diet effects was determined by 2-way ANOVA; interactions are noted only when significant (*P* \< 0.05). Bars with different superscripts are significantly different (*P* \< 0.05) by post-hoc analyses.](nihms798377f3){#F3}

![Markers of oxidative skeletal muscle phenotype in control (CON) and IL-15 Tg (TG) mice. **A**) Soleus troponin I 1 (slow) mRNA expression. **B**) Extensor digitorum longus (EDL) troponin I 1 (slow) mRNA expression. **C**) Soleus troponin I 2 (fast) mRNA expression. **D**) Succinic dehydrogenase (SDH) staining (expressed as percent SDH+ fibers) in soleus and EDL. For panels A--C, samples were assessed following 20 weeks of low-fat diet (LFD) or high-fat diet (HFD) regimens. Relative mRNA expression in each panel represents fold difference relative to LFD CON value; troponin I 1 expression in soleus was approximately 300 times higher than in EDL. Significance of main genotype × diet effects was determined by 2-way ANOVA; no significant interactions were detected. Bars with different superscripts are significantly different (*P* \< 0.05) by post-hoc analyses. For panel D, data were assessed in 12 week-old mice maintained on a medium-fat (breeder) diet, and differences between CON and TG were assessed for each muscle using *t* tests. Bars in all panels represent mean ± SEM.](nihms798377f4){#F4}

![Skeletal muscle mRNA expression of metabolic effectors following 20 weeks of low-fat diet (LFD) or high-fat diet (HFD) regimens in control (CON) and IL-15 Tg (TG) mice. Relative mRNA expression in each panel represents fold difference relative to LFD CON value. **A**) Soleus SIRT1 mRNA. **B**) Soleus SIRT3 mRNA. **C**) Soleus SIRT4 mRNA. **D**) Extensor digitorum longus (EDL) uncoupling protein 2 (UCP2) mRNA. Bars represent mean ± SEM. Significance of main genotype × diet effects was determined by 2-way ANOVA; interactions are noted only when significant (*P* \< 0.05). Bars with different superscripts are significantly different (*P* \< 0.05) by post-hoc analyses.](nihms798377f5){#F5}

![Skeletal muscle mRNA expression of IL-15 receptor subunits following 20 weeks of low-fat diet (LFD) or high-fat diet (HFD) regimens in control (CON) and IL-15 Tg (TG) mice. Relative mRNA expression in each panel represents fold difference relative to LFD CON value. **A**, **B**) Soleus and extensor digitorum longus (EDL) expression of IL-15 receptor-alpha (IL-15Rα). **C**, **D**) Soleus and EDL expression of IL-2 receptor-gamma (IL-2Rγ). **E**, **F**) Soleus and EDL expression of IL-2 receptor-beta (IL-2Rβ). Bars represent mean ± SEM. Significance of main genotype × diet effects was determined by 2-way ANOVA. No significant interactions between diet and genotype were noted for any parameter. Bars with different superscripts are significantly different (*P* \< 0.05) by post-hoc analyses. Abundance of each mRNA species was comparable in CON soleus and EDL. Abundance of IL-2Rβ was approximately 100 times lower than that of IL-2Rγ in CON muscles.](nihms798377f6){#F6}

###### 

Body weight and serum cytokines in control and IL-15 Tg mice

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Parameter        Control\                                      IL-15 Tg\                                     Control\                                      IL-15 Tg\                                     Genotype   Diet interaction   
                   LFD^2^                                        LFD                                           HFD                                           HFD                                                                         
  ---------------- --------------------------------------------- --------------------------------------------- --------------------------------------------- --------------------------------------------- ---------- ------------------ --------
  IBW (g)          19.7 ± 0.4                                    19.9 ± 0.3                                    20.0 ± 0.4                                    19.6 ± 0.3                                    ns         ns                 ns

  FBW (g)          32.3 ± 1.4^[a](#TFN4){ref-type="table-fn"}^   32.7 ± 1.4^[a](#TFN4){ref-type="table-fn"}^   49.4 + 1.6^[b](#TFN4){ref-type="table-fn"}^   42.2 ± 1.4^[c](#TFN4){ref-type="table-fn"}^   \<0.05     \<0.001            \<0.05

  Leptin (ng/mL)   10.4 ± 2.5                                    3.6 ± 2.5                                     41.1 ± 2.9                                    15.5 ± 2.3                                    \<0.001    \<0.001            \<0.01

  IL-15 (ng/mL)    0.1 ± 0.01^[a](#TFN4){ref-type="table-fn"}^   12.2 ± 0.3^[b](#TFN4){ref-type="table-fn"}^   0.1 ± 0.01^[a](#TFN4){ref-type="table-fn"}^   12.5 ± 0.3^[b](#TFN4){ref-type="table-fn"}^   \<0.001    ns                 ns

  IL-6 (pg/mL)     1.1 ± 0.2                                     1.7 ± 0.5                                     1.7 ± 0.5                                     3.1 ± 1.0                                     ns         ns                 ns

  TNF-α (pg/mL)    OOR                                           OOR                                           OOR                                           OOR                                           na         na                 na

  IL-1β (pg/mL)    77.3 ± 18.7                                   51.6 ± 18.7                                   68.9 ± 21.6                                   50.0 ± 16.8                                   ns         ns                 ns
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** Cytokines were assessed following 19 weeks of high- or low-fat feeding regimens.

Values are reported as mean ± SEM;

determined by 2-way ANOVA.

Differences among groups in each row determined by post-hoc analyses are designated by superscripted letters; values with different superscripts are different at *P* \< 0.05;

ns, not significant; na, not applicable.

**Abbreviations:** IBW, initial body weight; FBW, final body weight at 20 weeks; IL-15, interleukin-15; IL-6, interleukin-6; TNF-α, tumor necrosis factor-alpha; IL-1β, interleukin-1beta; HFD, high-fat diet; LFD, low-fat diet; OOR, out of range of assay.
